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Edge-Connected, Crossed-Electrode Array for
Two-Dimensional Projection
and Beamforming

Harvey C. Schau. Member. IEEE

Abstract—A new geometry for array construction is discussed which
employs two sets of orthogonal striped electrodes. While obtaining N*
intersecting points in a two-dimensional structure. only 2N control
points are required. Thus, N? active elements are controlled with 2.V
degrees of freedom which both simplifies implementation and data
handling. This gain in simplicity is traded off against reduced perfor-
mance when emploved as a projector and increased signal processing
when employed in beamforming mode. It is shown that no performance
is lost in beamforming if the process is carried out in a two-step nro-
cess. ‘L he fimitations of the crossed-electrode geometry are discussed
and a theory is presented for operation as a projector and a receiver.

INTRODUCTION

HE purpose of this paper is the introduction of a new ge-

ometry for planar structures which allows simpler imple-
mentation and construction while trading off higher signal
processing costs and possible reduced performance (the term
planar is not strictly necessary although most applications are
concerned with planar devices). Since two-dimensional struc-
tures are important in acoustic arrays and optical imaging de-
vices. the structure described here has applications which cover
a wide variety of technical areas. In this analysis. we will give
the basic operation principles of the geometry and leave de-
tailed anualysis of specitic applications to a forum where the
physics of each may be dealt with in detail.

The generic physical description of our device is shown in
Fig. 1(b). It is assumed that an active material (acoustical or
optical) is placed between two clectrodes as shown. By apply-
ing a voltage. the device is able to act as a projector of acous-
tical or optical energy or. left in a passive state. it may create
a voltage by the action of a field (acoustic or optical) impinging
upon it. Obviously. this is a simplification to any real device.
but for the purposes of describing a new geometrical imple-
mentation for a two-dimensional array. it is sufficient. The ac-
tive material could be a piezoclectric material for acoustical
applications (polyvinylidene fluoride PVDF). a nematic liguid
crystal or light emitiing diode material (GaAs) for optical pro-
jection applications or a Si-based optical imaging device. There
exists a plethora of materials and applications which we will
not discuss; however. we do make the realistic assumption that
all electrodes are transparent to the type of field (acoustic or
optical) under consideration.

Fig. 1 shows a two-dimensional structure which is typical of
the planar arrays under consideration. In a conventional imple-
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Fig. 1. Two-dimensional crossed-electrode array . ta) Top view, (b cut-

away side view.

mentation. the active clement is sandwiched between clectrodes
and each may be addressed individually either by a random ad-
dress scheme where each pair of electrodes leads is available,
or through a parallel-to-serial conversion such as in cnarge cou-
pled devices (CCD). The problems of individual access of cach
element are myriad: large numbers of connections, large num-
bers of wires. greater potential tor failure. etc. The heat loss
along conducting wires in cooled detectors, and the inability to
package a random array were two major motivations for the
development of the parallel-to-serial conversion devices such as
CCD’s. The basic problem is that for an ¥ x N device. N
clements must be addressed. The contribution of this paper is
to suggest another tvpe of structure. that of crossed electroded
strips as shown in Fig. 1. Here the device has one set of elec-
trode strips on top of the active material, and another orthogo-
nal set on the bottom. This leaves N7 intersection points while
resulting in only 2N electrodes which are brought out to the
cdge. Obviously. an array with 2N degrees of freedom (DOF)
will not function as efficiently as one with N7, but if one con-
siders the savings for a device with. for example, 10° elements
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per side (2 X 10° versus 10°) this loss of performance may be
acceptable.

We will analyze this structure through reciprocity. i.e.. as a
projector first, later as a receiver for beamforming. We will ne-
glect crosstalk which can be present in 2 device with either 2NV
or N° DOF. Given the results shown in subsequent sections on
projection and beamforming, a decision can be made on the
teasibility of employing a crossed-electrode edge-coupled array
in specific acoustical or optical applications.

Two-DIMENSIONAL EDGE-CONTROLLED ARRAY

Consider Fig. 1. The device pictured has an active material
sandwiched between two sets of electrodes. The top set consists
of a number N of strips. while the bottom has a similar pattern
rotated 90°.

By applying a voltage to exch top electrode and each bottom
electrode. a potential difference at the intersection of the ith
bottom and jth top electrodes of (B, — T,) is formed. Electric
field strength may be approximated as this potential difference
divided by the electrode separation. and the emitted field will
be assumed to be the product of the electric field and a constant
which describes the material. In acoustics. this constant would
be the piczoelectric d constant. whereas in optics it is the di-
electric € constant for liquid crystals or another conversion fac-
tor which relates light intensity to voltage for devices such as a
biased light emitting diodes operated over their linear regions.
The figure indicates the active area to be the spatial intersection
of two rectangular clectrodes. Actually. fringing of the fields
will cause a response pattern to fall off more gradually than the
perfectly rectangular shape shown. This structure is both phys-
ically realizable and controllable within current signal process-
ing technology.

Questions which remain are what types of fields may be cre-
ated by such a device. and the possibility of employing such a
device as a receiver. Additional investigations must center
around control stability. possible implementation problems. and
methodology for possible improvements.

THEORY —PROJECTION

The field generated from cach active area is linearly propor-
tional to the electric field. which is nearly proportional to the
potential difference at that location. Then the potential differ-
ence at any intersection point where the ith bottom electrode
crosses the jth top electrode may be written as M,

MII=BI-'T/ (l)

where B. T are the top and bottom clectrode voltages for the ith
row and jth column. Noetice that while the number of active
arcas of an N X N structure device has N° (DOF), the edge-
interconnected structure reduces this to 2V DOF thus limiting
the types of patterns which may be represented. It is expected
that the desired two-dimensional spatial fields have finite cor-
relation lengths and times. which will reduce the number of
DOF required to describe their spatial and temporal behavior.
An alternate position from which to view this is to consider the
description an isotropic field (isotropic assumption is not nec-
essary but simplifies the discussion) in terms of its Karhunen-
Loeve (K-L) expansion |1]-[4]. The diagonalization of the au-
tocorrelation (expanding in terms of its cigenfunctions) matrix
typically shows that the autocorrelation matrix is not of full rank
and the number of cigenvalues which exceed some arbitrarily

small number is less than the dimensionality of the autocorre-
lation matrix.

Whereas for two-dimensional fields without correlation, each
eigenvalue provides the same amount of information for de-
scribing the field in terms of an expansion of eigenvectors, with
finite correlation each eigenvalue provides proportionally more
information than the next smaller one, so that truncation of the
expansion after a few terms yields an accurate description [5].
Thus practically speaking, the required number of DOF to ex-
pand a function which has finite correlation properties. is less
than the dimensionality of the problem if the expansion is al-
lowed to have a finite but small mean-squared error. Since even
full expansions will have some variance from the original func-
tion due to noise, this limited DOF expansion may not be an
overwhelming constraint.

The problem of approximating N* independent potential dif-
ferences by 2N edge voltages may be represented in matrix form
as

AV = W (2)

where V is the array of edge voltages, bottom voltage first. fol-
lowed by top voltages. For N channels it takes the form (sce
Fig. ).

2N elements. (3)

Ty

The array W is the array of two-dimensional potential differ-
ences ordered row-wise (the array W is proportional to the de-
sired two-dimensional field on the surface of the array)

hM”_ b
M?l
W= 1| M\ | N eclements (4)
M.,
|

and the matrix 4 has the form

2N elementy —————

[1Too0o0--- -t 000---
1 0 0 0--- 6 -1 00---
A= N clements.
o1 00 - -1 00 0.
00 R 0 0O 00 =1
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Since A has more rows than columns the generalized inverse is
A" = (4'A4)"' A (overdetermined case) (6)

and it is well known that the solution to (2) takes the general
form (if the original equation is consistent) [7]

V=Aa'w+(-A4)Z (7)

where A" is the Penrose-Moore inverse and Z is arbitrary. We
choose a solution of the form

V=AW (8)

which given the form for 4” in (6) for the overdetermined case,
the solution (8) is best in a least squares sense.

Since the quantities of interest are voltage differences be-
tween the rows and columns. it is convenient to introduce a
normalization which fixes the absolute voltage. This can be
achieved in a variety of ways, one which is sufficiently general
is to write

N N
2B+ 2T =C (9)
i=1 i—=1

i.e., fix the sum of all edge voltages at some arbitrary constant
C. Other forms of normalization can be found from this ap-
proach. This adds a constraint equation to (2) and changes the
form of A and W. Writing the augmented equation in the form

BV =T

{1 1111 1} [CJ
B = T= (10)
A w

where A and W are given by (5) and (4), respectively. Equation
(10) has solution

v=B'T, B'=(B"B)'B". (11)
In this formulation
a 0
(B'B) =
0 o
N+ 1 1 | B
a = 1 N+111--- (12)
and 0 is the (N X N) null matrix.
The inverse is easily found to be
o 1 |80
B'B)' = —
N T [0 ﬁ]
2N -1 -1 -1 -
B = -1 N-1 -1 - (13)
which may be written as
gyt =L, L
(B'B) NI+2NJS
-1 0
S = (14)
0 -1
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where 1 is the (N X N ) matrix consisting of all ones, 0 the (N
X N) null matrix. The pseudoinverse is then written as

TR I
B*=(B'B) 'B"=|-1+-—5S|B
(B'8) N T 2N?

S

.__/V
o=|-N -1 -1 -1 (16)
-N 1 1

The final solution may be written in terms of the nonaug-
mented operators as

1, 1
V=|-A"+ -— W+ K 17
INA +2N_G] (17)
where
= T S ]
G=| -1 -1 -1 -1 (18)
1 11
and
[17]
1
C
=—111. 19
K N (19)
1

— |, -

The action of cach matrix in (17) is casily seen if on¢ analyzes
the eigenvectors of AA”, where A* = (1/N)A’ + (1/2N)G.
This matrix has eigenvectors which are analogous to the im-
pulse response of the structure. The eigenvectors arc unity row
or column matrices which would result if a voltage were im-
posed on one of the edge connections. If the resulting two-di-
mensional pattern were analyzed by discrete Fourier transform,
the first term in (17) correctly predicts the Fourier components
at the price of overestimating the dc component of the two-
dimensional pattern. The second term corrects the two-dimen-
sional dc component by adjusting the overall gains of the clec-
trode voltages row-wise or column-wise as a whole. The final
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term biases the row and column voltages to obtain the desired
range as initially constratned by the constant C.

Ot greater importance. any two-dimensional patiern must be
expandable in terms of the sum of these basis vectors which are
tunctions of the row coordinate or the column coordinate. Anal-
ysis of the basis functions indicates that traveling harmonic dis-
turbances moving parallel to the row or column arc possible
thus allowing the device to reproduce specitic monochromatic
spatial frequency convective waves, however, isolated im-
pulses are not capable of accurate reproduction without the same
type of error found in liquid crystal displays |8].

EXAMPLES

Consider the example of a 3 X 3 device in Fig. 2 where the
desired spatial pattern is shown. Pattern W, is the sum of an
cigenvector expansion. Voltages applied at each electrode are
given by A" W_ application of these voltages results in the orig-
inal desired pattern as shown. This is guaranteed since W was
given as an expansion of eigenfunctions of 44“. Note that the
voltages V' = A" W are not unique (the last term in (17)) and
alternate voltages shown will also reproduce the pattern (differ-
ent K in (17)). Notice that the latter voltages are specitied by
integer values. Consider Ws, a pattern which cannot be gener-
ated by an cigenvector expansion. Voltages are again shown by
A" W, however, this time the resulting pattern 44° W has been
altered. This is expected since all output will have to be an
cigenvector of 447 whether the input was or not.

Figs. 3 and 4 display two examples fera 10 x 10 device with
100 two-dimensional clements. At the top of each figure are
desired two-dimensional fields. These patterns are typical of
shading which might be required in producing a uniform con-
vective pressure field from a planar array. in coherent optical
spatial filtering employing liquid crystals or similar devices. or
optical apodization of an optical system by tailoring illumina-
tion through devices such as LED's.

It can be seen that the two-dimensional field produced is in
both cases a close replica of the desired ficld. Fig. 4 has more
spatial structure than Fig. 3 and hence the replicated ficld has
higher error in reproducing it. This is a general property of this
type of replication. the more structure or high spatial frequency
information the ficld contains (particularly in regions away from
the spatial frequency axis if one visualizes performing a two-
dimensional discrete Fourier transtorm on the desired two-di-
mensional pattern). the greater the error may be in reproducing
it.

BEAMFORMING. TRACKING

The geometry under discussion can also be employed as a
receiver, and this is perhaps the application of greater interest
in both acoustics (beamforming) and optics (imaging and target
tracking). Of particular importance in acoustics is the use of this
geometry as a wave vector filter in rejection ot turbulent bound-
ary layer noise in favor of low frequency radiative acoustic sig-
nals, and the measurement of low frequency cvanescent
turbulent pressure fields [9]-{12]. In optics. it will be shown
that the gecometry has advantages in that tracking may be ac-
complished with high resolution with considerably less compli-
cation. By way of demonstration of the use of the device and
how it differs in application from conventional devices, while
retaining the ability to achicve the same results, we reformulate
the beamforming problem for the crossed-clectrode geometry
and contrast it to the case of independent sensing elements.

FEBRUARY 1991

Exazple A
Device Implementation
5.88 -4.33 ~1.33
Desired spatial :g ; ; 23: :g g ;
pattern ¥, 91 -2 233 | -9 1 -2
8
oyl 2
Electrode voltages V = A" ¥ = 3 -10
17

L]

Produced spatial pattera Alterpate electrode voltage

{differeat K in equation (17))

-3
7 L
4 R 5
¥ -5 ¥ = 1
AAT W= 5 10
2 o
-9 3
1
-2
Gt}
Device loplementation
1A AR i
Desired spatial g (1) g -.058 | -.112 .22} -.112
pattern '2 00 0 .278 .221 .555 221
-.058 { -.112 .221 -.112
-.CE8 )
278
Electrode voltages ¥ = A W2 = '822
-.278
.056
0 -.12
4] 221
[} -.112
4 " 221
'2 =11 AN '2 = .555
4] 221
0 -.112
0 221
0 -.112
(b

Fig. 2. Example of desired spatial patterns which can be reproduced
exactly (W) and (by which cannot (W),

Desired two-dimensional pattern

.383  .478 481 .474 570 .557 485 .478 479 370
.442  .552 533  .547 658 643 538 .552 553  .427
.489 .810 .589 .604 727 .710 .583 810 812 473
.522 .650 .628 .64¢ 775 757 .B32 .BSO0  .652  .504
538 .871 .847 .864 8OO .781 851  .870 .873  .520
.538  .871 .847 .664 800 .78 .651  .670 673 520
.522 .650 .628 644 .776 757 .632 .650 .652 .504
488 .610 .588 604 727 710 .53 610 .B12 473
.442 552 .533  .547 .658 .643  .536  .552 553 427
. 387 478 461 .474 570 .557 .485 478 479 370

Blectrode voltage and resulting two-dimensional pattern

'

475 -.502 -.572 - 587 -.706 -.800 -.575 -.502 -.504 -.459

- 1121 .362 478 450 474 503 .577 .463 470 481 346
-.03¢| .435 .552 .S832 .547 .688 .650 .538 .552 .554 .419
0171 482 610 580 .804 .T2¢ .707 .503 .609 611 .476
.057} .532 640 .6290 644 763 747 .633 640 .651 .51
L0771 .552 .660 .840 .864 .784¢ .787 853 .860 .87 .S535
0771 .852 .660 .640 684 784 767 .653 .660 671 .538
0571 .532 .640 820 644 .783 .747 833 649 .851 518
.017)  .402  .610 580 604 .724¢ .707 .503 809 811 476
-.038] .435 .552 .532 .547 .888 850 .538 .552 .554 .419
- 1121 1382 479 450 474 503 577 463 479 .48) .348

Average error per point = 8.5 x 1074

Fig. 3. Example of a desired 10 % 10 two-dimensional field and the crossed
clectrade structure reproduction.

The difference between the measured two-dimensional ficld
from an edge-connected device and that measured by an array
of independent clements can be visualized by contrasting the
impulse response of the two devices. Consider a unit impulse

——
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Desired two-dimensional pattern

L3190 L4056  .201 198 570 .525 .104 .367 .400 .264
.36 .572 .335 .220 .58 .806 .121 .424 .577 .308
.408 .832 .371 .253 .727 .670 .133 .468 .638 .338
435 .874 396 270 .775 .714 .142 .400 680 .36l
.449 .805 .407 278 800 .737 .147 .51 .701 .372
449 605 .407 .278 800 737 .147 .515 701 .372
.435 .874 .35 270 775 714 .142 .499 .680 .301
.408 .832 .371 .283 727  .670 .133 .468 .838 .338
.369 .572 .335 .220 .658 .806 .121 .424 .577 .306
L3190 .405 L2081 .10% 570 .525 .104 367  .409 .264

Electrode voltage and resulting two-dimensional pattern

-.308 -.613 -.36C -.246 -.706 -.850 -.120 -.454 -.619 -.328

-.086| .300 .527 .273 150 .610 .564 .042 .367 .532 .242
-.030| .386 .583 .329 .215 .675 .820 .00 424 .588 .298
.013] .410 .827 .373 .250 .720 .664 .143 .468 .633 .342
.044] .440 .658 .404 .200 .750 .805 .174 .499 683 .373
.059| .456 .873 .420 .305 .766 710 .1890 .514 .879 .388
.059| .456 .673 .420 .305 .766 .710 .189 .514 .670 .388
.044| .440 .658 404 .200 .750 695 .174 .499 .663 .373
.013| .410 .827 .373 250 .720 .664 .143 .468 .833 .342
-.030| .368 .583 .320 .215 .875 .620 .009 .424 .588 .208
-.0861 .300 .527 .273 .150 .819 .584 .042 .367 .532 .242

Average error per point = 2.15 x 1073
Fig. 4. Example of a desired 10 x 10 two-dimensional ficid with higher

spatial frequency content than Fig. 3. and the crossed clectrode structure
reproduction.

P; applied to one of the elements of each array. The voltage
produced by a square edge-connected array { 2V clements) will
be given by reciprocity to be (K = 0)

1

. !
V=—A4"+|—=G|P
N | 2N° l

(20)

nonsquare geometries follow similarly. The apparent measured
two-dimensional field will be

1, 1
—AA" + — AG

P, = AV
N 2N?

P (21)

so that the operator in hrackets will modify the actual field. This
effect is seen clearly in Fig. 2(b) fora 3 X 3 device. As can be
seen, the edge-connected array produces a cyclic impulse re-
sponse. The effect of this impulse response on the power spec-
tral density and beamforming effectivencss will be calculated in
the next section.
To employ the edge-connected array in beamforming, one
may first produce the apparent 2D field
1
P(1) NAV(I), (22)
This would be the measured image when the device is employed
in an image mode. The 2D field here is ordered lexicographi-
cally as

_Pn(’)_~
P (1)
P(1) = | P(1)
Pyy(1)

_P v ( ’_)_

and beamforming is accomplished as
NTO 2N ]
1

2 Z) AVt +1)s (23)

= “' + = —
B=2sPl(t+71) N
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where s, is a two-dimensional weighting pattern which may be
employed. This is determined a priori and may be unity. Thus
to use an edge-connected array, one extra step (the sum over )
must be carried out. If it is recalled that this matrix multipli-
cation is simply subtraction of the column voltages from the
row (relative to some arbitrary but fixed ground), this added
step is seen to be trivial and can lessen the storage required to
represent the field. This added processing is the price for the
increased number of sensing elements while retaining only 2N
measurements and clearly demonstrates the tradeoff between
added processing complexity (edge-connected array) and im-
plementation and construction complexity (independent ele-
ment array).

ANALYSIS—BEAMFORMING TRANSFER FUNCTION

Consider the geometry shown in Fig. 5. We will analyze this
structure with the following assumptions [13]-[15]:

1) the transducer possesses 2 orthogonal principal axes.

2) separations between centers of successive transducer ele-
ments lying in the direction of a principal axis are equal:

3) time delays between successive transducers elements lying
in the direction of a principal axis are equal;

4) the temporal response of each active segment is identical
for all segments of the array and is specified by the power
spectral density | F(w)|*:

5) the spatial response of each active segment is identical for
all segments of the array and is specified by the power
spectral density M(k,. k,).

For the geometry of Fig. 5

sin’ ’\—;é sin’ EZLI
Mk, k) = ——= —— (24
Ealk
2 2

Given the assumptions above, it has been shown that the re-
ceiver transfer function is

Wik, w) = Sw’lF(w)[zM(k". k,) \Z Zexp[—ik - (¥, = ¥

2

where y; is the position of the jth active segment. 7, is the time
delay applied to the output of this segment, and s, the relative
sensitivity. This then can be written

~ (7, —

Tm)] ) S]S,,,

N-1 P
Wik, ) = 87'|F(o)| Mk, k) 2 2
J=0 m=0
cexp — i(jk,d + mk,e + jor, + mwr,,)s/s,:,,.
(26)

This may be extended to include a more general case than the
case where cach active element is independent. by rewriting
(26) as (7' = wT)

Wi(k. 1)

il

87| F(w)| M(kok,) | S (ko ke )7 (27)

N-ote ot
Z: 2; ¢ SHOp T b omwTad $.5
Yy m
J=0 m=0 !

Sk kpo 7')

N-1p o

) N —1(hned + hhper
' 2‘ L ,/\'mh(, He et
¢=0 h-0 "




54 IEEE TRANSACTIONS ON SIGNAL PROCESSING. VOL. 39. NO 2. FEBRUARY 1991
Nd*“’ Independent Elements Edge-Connected Arral
I 12 221 -2
. 010 221  .555 221 |
O =9 O 3 p loco Sz 2 iz
k .
P i T P Results of Unit Response
e :] D D E e s Applied to Center
N
* 0 S S N S [ M| ‘ Xn Loo 55 221 o2
000 221 -2 -.112
1 o 3 3 000 221 - 112 -2
b l d Results of Unit Reyponse

out
[52] (2]
b)
Fig. 5. Array geometry with (a) parameter definitions and (b) conventional

beamforming implementation.

where I,,,, is the impulse of the structure. For the case of in-
dependent active elements, [, is simply a Kronecker delta
function. i.e., each element responds to a point pressure input
at only the active element to which it is applied. Then for the
previous case [13]-[15])

Ijgmh = BHB,,,,, where 6}.&’ =1 lf_] =8
=0  otherwise (29)
it was shown fors; = 1"
N-1P-1
Sk ko 7'y = 2 ZO exp — i j(kd + w1,)
J=0 m=
+ m(k,e + wT,,)]
1 ~ eannd+w,.l] — e'ﬂP(Apt"wr,,l
= ] — e-r(knxl'um.) 1 — e--tlk,.z"un-l (30)
SO Litat
| S(kye koo 7)°
3 kod + wr, | ., ke + wr,
sin” N - 5 P T —
o ,kd+w7' 1'k/,(’+wT,,]' (31)
sin® | ———F in” | ————
2 2

For the case of the edge-connected array, the impulse response
may be found to be (17)

1 ! 1
! —8, + — —.
b b = NP

JRmh = P IR N mh T
This is a cyclic convolutional impulse response and can be con-
trasted with that of the independent elements as shown in Fig.
6.

(32)

In this case, (28) takes the form

S.(ky k. 1)

N 1Pl il P
= 2.; Z e Tt ’""').\‘,S,,, - - ik el E e thi e
j=0 m-0 P h-0
[ N i N1 P
+—¢ imkpe Z ¢ kknd _ x 2; o ehnd * hkped
N g-0 NP ¢-0n-0

(33)

Supplied to Upper Left Element

Fig. 6. Cyclic impulse response of crossed-electrode geometry .

Se (ks kpo 7")

N-1P-1 1 | = ¢ Phe
. Z Z W T+ mTp) o o, ~thad
= e 8,5, = e =
j=0 m=0 P | —e "
— 1Ko 1M Rpe ]
1 el —e7 1 1 —e ™ —p M
+ e “ked Kond o
-e - e -
N | NP 1 1
(34)

for s = 1 (34) reduces to

Soky kpe 7')

11 —e ~tNWknd + wTn) ] — e -iPurp ] — e:Pk,vr

= }‘) 1 - e*:llml‘wrl.l  —e ™ | —¢ kpe
11 —e Phpe + wr,) 1 - (,flv\':r,, 1 — ¢ Nl
N1 — e—l(k,yt'#mr,ﬂ - Prn.cr,. 1 — ¢ - thudd

1 1~ e*l‘\r}u‘fn 1 — (,'-L\'K,.(Il _ eri'wrrvl —~ e PR

NP i - P’h&'?n 1 — (,-IL..d 1 — ¢ Ty 1 —¢ thpe
(35)
S, (kye kv 75, 0)
1 — e-«:.\'(k,.d*wn,) 1 — ¢ “tPhpe
= | = ¢ e | gtkee
11 = ¢ P j = o Nt § o piNbnd
N 1 — "‘l‘/-(' 1 —e ™™ | — e*ll\nd
11 —e¢ -NaTn ] ~ l,’l-'V‘\nd] _ (,—Pk,n' ‘;6
- X’ l—e ™™ | —e ihned 1 — (,A:Lm" (‘ )
The last two terms cancel leaving
| —e f.\’(l‘,.(l&wh)l _ l,ﬂPL,,r
2 ' —_—
Sf‘(k”' LI" Tas O) - | - o 1Rl 4 wrn 1 — ¢ % (37)
simifarly
1 - (,-IP(L,.z-owrp)l E_— tNhad
Ak K 2 =
S‘( ne Tp O' TI’) 1 — ¢ Hhpe + wrpd 1 — ¢ thned (38)
so that
S (Ko k. Tho 0)S, (K, Ky, 0. 71)
S, (ky. k,. 0. 0)
1 - (,A:N(L"d&..‘rr.) 1 — e Phpe ¢ wrpy
= 1 — cw((mﬂw.,» 1 — e HApe s wrp) (19)

which is identical to S(k,. k,. 7. 7,) of (30).
The easiest way to visualize the proress is to analyze a spe-
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Fig. 7. Single-element (rectangular) spatial frequency transter function for
parameters given in text.

cific geometry. Consider the case (dimensions in centimeters)

N =10
P =10
d=10
e =10
b=235
I =35.

Fig. 7 displays the single element transfer function M (k,,. k,)
along several £, axes. Fig. 8 shows the product M(k,. k)| S(k,.
k,. 7')|°/NP* along the k, = O axis for the above example
(7, = 7, = 0). The results of the edge-connected array are the
same for this case. The effect of changing N and P may be seen
by comparing a similar calculation for N = P = 3 in Fig. 9.
The effect of a single time delay are seen in Figs. 10 and 1!
which displays the product M| S |* /N P* along the &, = 0 axis
for the time delays (7,. 7,) = (1.57. 0) and (5.0, 0). For this
case, the peak in the (k,. k,) plane moves from (0. 0) to
(—0.157. 0) and ( —0.5. 0) as expected. In the latter case, a
second lobe has come into the region of the function M to ap-
pear similar to the main lobe in Fig. 8 fer no time delay. Fig.
12 shows the product M|S |* /N> P* along the k, = 0 axis for
a time delay of (7,. 7,) = (0, 1.57) which appears like Fig. 10
by symmetry. Fig. 13 displays a time delay (7,. 7,) = (1 7.
1.57) along the k, = —0.151 axis (near the peak) for the in-
¢~pendent element array. As expected, the peak moved to
(—0.157. —0.157). Fig. 14 displays a similar calculation for
the edge-connected array. It can be seen that the lobes have split
into two sets of components, one contribution remaining at the
origin, the other smaller one moving to the expected position.
Thus, applying time delays simultaneously along both axes will
result in a transfer function which is different than a similar
operation on an independent element array, i.e., S(&,. k,. 7,.
7,) # S.(k,. k,. 7,. 7,). However, as shown by Figs. 10, 12-
14 and (27) and (39), if time delays are applied along a single
axis (normalized by zero time delay) and the results are multi-
plied by a time delay of the orthogonal axis, the resulting trans-
fer function will be the same as the independent element case.
This is easily seen in our example since (Fig. 13 and (31)) S(k,.
-0.157. 1.57. 1.57) = S§(k,. 0. 1.57, 0). The more general
case is also true as shown by (39). The edge-connected array
must be operated in a two-step product mode where each step
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Fig. 8. Normalized transfer tunction for no time delay 7, = 7. = 0 along
the &, = 0 axis. Both the conventional and crossed-clectrode geometries

provide the same results. N = P = 10
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Fig. 9. Effect of reducing the number of elements from N = P - 10 (Fig
8)to N = P = 3. Note the broadening of the lobes. 7, = 7, = 0
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Fig. 10. Normalized transfer function along the &, = 0 axis for tme delay

7, = 1.57. Note how the main lobe has been swept away from the ongin

as expected. This result is identical for both the conventional independent

clement array ard the crossed-electrode array. 7. = O N = P = 10,

beamforms along a single axis. The results of this process will
be identical to an independent element array.

As an aid in visualizing the operational characteristics of a
system with a specified number of processing channels. con-
sider Figs. 15 and 16. The assumption is that a system which
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the time delay 7, = 7, = [.51 alongthe 4, = -0 1501 em ' axis. The man
lobe has been swept to the left of the origin as expected from Figs 12 and
10N =P =0.

can process 16 channels of data exists (d = ¢ = 10.h = | =5
as before ). for the independent element cise this results ina 4
X 4 array, Fig. 15, whercas the edge-connected case has 8 con-
nections on a side or 16 total and 64 interconnected sensing
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Fig. 14. Normalized transter tunction for crossed-clectrode geometny tor
the time delay 7, = 7, = 1 S7along the b, = - 0181 em “anis Note that
the lobe has split. one contribution remarning on the ongin and a smaller
one moving to the expected position. This indicates the beamforning can
not be done in a one-step procedure with two tume delays, but can be ac
complished in two single time defuy processes as shown i Fige 10 and
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areas. The pattern M|S|*/N*P? displayed for (7., 7,) = (O,

n

0) displays the superior resolving power of the edge-connected
array.

CONCLUSION

The concept of a crossed-electrode edge-coupled array has
been introduced and shown to have several significant advan-
tages over conventionally addressed two-dimensional struc-
tures. Specifically this geometry requires only 2N electrode
leads as opposed to N* for an N X N device. While this struc-
ture requires an additional signal processing step for applica-
tions such as beamforming, this will in many instances be
acceptable since the cost of signal processing is decreasing with
time.

As a projector, the device is shown to be capable of replicat-
ing two-dimensional fields which have most of their energy lo-
cated near the spatial frequency axis. As energy moves to higher
frequency, panticularly away from either axis (spatial frequency
axis corresponding to the top electrode direction or bottom elec-
trode direction), the device suffers more error. There are many
applications, however, which fall within this constraint, partic-
ularly those which would gain from the addition of more active
areas at the expense of a limited performance degradation.

The analysis concerned with employing this geometry in a
beamforming mode shows no performance degradation pro-
vided an extra signal processing step is included. This is an
attractive tradeoff for many applications since signal processing
costs are continually being lowered. This analysis does not con-
cern itself with the implementation of beamformer signal pro-
cessing hardware, but the observation that no performance
degradation occurs if a two-step process is used (rather than the
conventional single step) should make this geometry attractive
for further consideration in beamforming and tracking applica-
tions.
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